Ramoplanin is a glycolipodepsipeptide antibiotic with activity against gram-positive bacteria that is in clinical trials for prevention of vancomycin-resistant Enterococcus (VRE) bloodstream infections and treatment of Clostridium difficile diarrhea. Orally administered ramoplanin suppresses VRE intestinal colonization, but recurrences after discontinuation of treatment have frequently been observed. We used a mouse model to examine the efficacy of ramoplanin for inhibition of VRE colonization and evaluated the etiology of recurrences of colonization. Eight days of treatment with ramoplanin (100 µg/ml) in drinking water suppressed VRE to undetectable levels, but 100% of mice developed recurrent colonization; a higher dose of 500 µg/ml in water was associated with recurrent colonization in 50% of mice. Two of eight (25%) mice treated with the 100-µg/ml dose of ramoplanin had low levels of VRE in their cecal tissues on day 8 despite undetectable levels in stool and cecal contents. Mice that received prior ramoplanin treatment did not develop VRE overgrowth when challenged with 10 7 CFU of oral VRE 1, 2, or 4 days later. In communal cages, rapid cross-transmission and overgrowth of VRE was observed among clindamycin-treated mice; ramoplanin treatment effectively suppressed VRE overgrowth in such communal cages. Ramoplanin treatment promoted increased density of indigenous Enterobacteriaceae and overgrowth of an exogenously administered Klebsiella pneumoniae isolate. These results demonstrate the efficacy of ramoplanin for inhibition of VRE colonization and suggest that some recurrences occur due to reexpansion of organisms that persist within the lining of the colon. Ramoplanin treatment may be associated with overgrowth of gramnegative bacilli.
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The intestinal tract provides a major source for transmission of vancomycin-resistant enterococci (VRE) (5) . Oral nonabsorbed antibiotics such as ramoplanin and bacitracin have been shown to effectively suppress VRE intestinal colonization in mice and colonized patients; however, recurrences after discontinuation of treatment have frequently been observed (6, 10, (17) (18) (19) . Such recurrences may be due to reexpansion of small numbers of VRE that persist in the intestinal tract during treatment or reacquisition of VRE after treatment has eliminated the original colonizing strain or strains. Baden et al. (1) found that recurrences after ramoplanin treatment were often associated with isolation of VRE strains that were genotypically unrelated to pretreatment strains, suggesting that new VRE strains might have been acquired. The concurrent use of antianaerobic antibiotics by many of the study patients was a potential confounding variable because these agents have been shown to facilitate overgrowth of preexisting or newly acquired VRE strains (1, 5) . Similarly, the 100% recurrence rate of VRE colonization observed in a previous mouse study could have been due in part to the fact that oral vancomycin or streptomycin treatment was continued during and after discontinuation of oral ramoplanin (18) .
After antibiotic treatment, recovery of the indigenous intestinal microflora may be delayed for days or weeks (16) . We have previously demonstrated that mice are susceptible to development of high-density VRE stool colonization when VRE are ingested 2 or 5, but not 10, days after completion of treatment with antianaerobic antibiotics (authors' unpublished data). Because ramoplanin and bacitracin both have in vitro activity against gram-positive anaerobes (2, 12) , we hypothesized that delayed recovery of competing anaerobes after treatment with such agents might facilitate relapses or reacquisition of VRE colonization. Because VRE may become associated with the lining of the colon in the setting of high-density intestinal colonization (authors' unpublished data), we also hypothesized that persistence of VRE at this site during ramoplanin therapy could provide a source for relapses after treatment.
In this study, we evaluated the efficacy of ramoplanin for decolonization of VRE in mice in the absence of concurrent use of other antibiotics. We examined whether VRE persist within the cecal tissues during ramoplanin treatment. We determined the effect of oral ramoplanin on the indigenous stool microflora and evaluated whether prior ramoplanin treatment facilitates establishment of VRE colonization. We examined the use of ramoplanin as a means to prevent cross-transmission and overgrowth of VRE among mice housed in communal cages. Finally, we examined whether ramoplanin treatment would facilitate colonization with other nosocomial pathogens, including extended-spectrum ß-lactamase-producing Klebsiella pneumoniae and Candida glabrata.
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The pathogens studied. Enterococcus faecium C68, a previously described VanB-type clinical VRE isolate, was used for all VRE experiments (4). The MIC of ramoplanin for VRE C68 was 0.125 µg/ml. Klebsiella pneumoniae P62 is a clinical isolate that produces an SHV-type extended-spectrum ß-lactamase (ESBL). C. glabrata A239 is a clinical isolate for which the MIC of fluconazole is 2 µg/ml. We have previously demonstrated that antibiotics that inhibit intestinal anaerobes promote overgrowth of each of the pathogens studied (4, 11, 15 ; authors' unpublished data).
Quantification of stool pathogens. Fresh stool specimens were processed as described elsewhere (4) . In order to quantify VRE, K. pneumoniae, and C. glabrata, diluted samples were plated onto Enterococcosel agar containing vancomycin (20 µg/ml), MacConkey agar containing ceftazidime (10 µg/ml), or Sabouraud dextrose agar (Becton, Dickinson, and Company, Sparks, Md.) containing piperacillin-tazobactam (16 µg/ml) and linezolid (8 µg/ml), respectively. The plates were incubated in room air at 37°C for 24 or 48 h, and the number of CFU of each pathogen per gram of sample was calculated.
Efficacy of ramoplanin for eradication of VRE colonization. Female CF1 mice (Harlan Sprague-Dawley, Indianapolis, Ind.) weighing 25 to 30 g were used in all experiments. In order to minimize the risk of cross-contamination, mice were housed in individual cages with plastic filter tops unless otherwise specified. High-density VRE stool colonization was established in mice by administering subcutaneous clindamycin (1.4 mg) once each day for 2 days before and 7 days after orogastric inoculation of 10 6 CFU of VRE C68 using a stainless steel feeding tube (Perfektum; Popper & Sons, New Hyde Park, N.Y.). After discontinuation of clindamycin, mice received oral ramoplanin (100 or 500 µg/ml of drinking water) or regular drinking water (controls) for 8 days. Six total mice were included in each treatment group. Stool pellets were collected every 3 to 4 days to monitor the density of VRE before, during, and after completion of ramoplanin treatment.
Ramoplanin was administered in drinking water rather than by orogastric gavage in order to avoid exposing the mice to repeated gavage procedures. Based on consumption of approximately 0.5 ml of drinking water by each mouse per day (authors' unpublished data), we estimated that mice receiving the 100-and 500-µg/ml doses would ingest approximately 1.7 and 8.3 mg of ramoplanin/kg of body weight/day, respectively. In comparison, the human doses of 100 or 400 mg twice daily that have been shown to inhibit VRE colonization are equivalent to 3 or 13 mg/kg ramoplanin per day (based on a weight of 60 kg). Whitman et al. (18) previously showed that a 100-µg/ml dose of ramoplanin in drinking water suppressed VRE colonization in mice during a 7-day period of administration despite concurrent oral vancomycin treatment; the concentration of ramoplanin in stool was not assessed.
To evaluate the possibility that ramoplanin-treated mice were being reexposed to VRE from their environment, broth-enrichment cultures for VRE were performed as previously described (13) after contacting cage bottoms and tops, water bottles, and food with premoistened cotton-tipped swabs. To evaluate whether relapses of colonization were due to persistence of VRE within the colon, eight mice that received 8 days of oral ramoplanin treatment (100 µg/ml of water) were euthanized, and portions of cecal contents and cecal lining (sections, 1 by 1 cm) were weighed, homogenized in sterile phosphate-buffered saline (PBS) using a pestle, and cultured for VRE as described above.
Effect of ramoplanin on the indigenous stool microflora. Five mice were treated with ramoplanin (100 µg/ml) in drinking water for 7 days. Stool samples were collected prior to treatment, on day 7 of treatment, and 3, 6, and 11 days after discontinuation of ramoplanin. Quantitative cultures for facultative and aerobic gram-negative bacilli, enterococci, total anaerobes, Bacteroides species, Lactobacillus species, and Clostridium species were performed by plating serially diluted specimens onto MacConkey agar (Difco Laboratories, Detroit, Mich.), Enterococcosel agar (Becton Dickinson, Cockeysville, Md.), Brucella agar (Becton Dickinson), Bacteroides bile esculin agar, Rogosa agar, and egg yolk agar, respectively. For culture of anaerobes, stool samples were processed inside an anaerobic chamber (Coy Laboratories, Grass Lake, Mich.). Denaturing gradient gel electrophoresis (DGGE) of PCR-amplified bacterial rRNA genes from stool was performed as previously described (7).
Effect of prior ramoplanin treatment on the establishment of VRE colonization. Four hours, 1 day, 2 days, or 4 days after completing a 7-day course of oral ramoplanin (100 µg/ml of drinking water) or regular drinking water (controls), mice received orogastric inoculation of 10 7 CFU of VRE in phosphate buffered saline. The density of VRE in stool was monitored before and 1 and 4 days after inoculation. Four mice were included in each treatment group.
Use of ramoplanin to prevent cross-transmission of VRE among mice. One set of experiments was performed to evaluate the ability of ramoplanin to prevent crosstransmission and overgrowth of VRE among mice in communal cages. High-density VRE stool colonization (~7 log 10 CFU/g) was established in two mice as described above. Each VRE-colonized mouse was placed into a communal cage along with four mice with no previous exposure to antibiotics or VRE; the experimental cage was supplied with oral ramoplanin (100 µg/ml) in drinking water from days 0 to 9 and the control cage was supplied with regular drinking water. All mice were treated with subcutaneous clindamycin (1.4 mg) once daily for 5 days. After 9 days, all mice were separated into individual cages and supplied with regular drinking water. The density of VRE in stool was monitored every 3 to 4 days during and after completion of ramoplanin treatment.
Effect of ramoplanin treatment on the establishment of colonization by C. glabrata or K. pneumoniae. On day 2 of a 6-day course of oral ramoplanin (100 µg/ml of drinking water) or regular drinking water (controls), mice received orogastric inoculation of 10 6 CFU of C. glabrata A239 or K. pneumoniae P62. The density of C. glabrata or ceftazidime-resistant K. pneumoniae in stool was monitored every 3 to 4 days. Four mice were included in each treatment group.
Measurement of ramoplanin concentrations in stool.
The concentration of ramoplanin in selected stool samples was measured using an agar well diffusion assay with Clostridium perfringens as the indicator strain (14) .
Statistical analysis.
Mean densities (in log 10 CFU per gram) were determined across the data collection time points for individual mice, excluding the baseline values. These means were used to create an ordinal composite treatment variable for each treatment group. A one-way analysis of variance of the composite treatment variables was performed. Overall differences and pairwise differences were examined, with P values adjusted for multiple comparisons using the Scheffe correction. For the experiments in which the efficacy of ramoplanin for VRE decolonization was tested, separate analyses were performed during treatment and after completion of treatment. Students t test was used to compare DGGE similarity indices among treatment groups. Computations were performed with the use of Stata software (version 6.0; Stata, College Station, Tex.).
RESULTS
Efficacy of ramoplanin for eradication of VRE colonization. Figure 1 shows the densities of VRE during and after completion of 8 days of ramoplanin treatment. There were no significant differences in the densities of VRE among the treatment groups prior to starting ramoplanin on days -5 and -2 (PP = 1). All of the ramoplanin-treated mice developed undetectable levels of VRE in stool during treatment (P < 0.0001 in comparison to saline controls). One hundred percent of mice receiving ramoplanin at 100 µg/ml in drinking water developed a recurrence of colonization after discontinuing treatment; the mean density of VRE rose to a higher level than the saline controls after the recurrence, but the difference was not statistically significant (P = 0.63). Fifty percent of mice receiving ramoplanin at 500 µg/ml developed a detectable recurrence; the mean density of VRE after the recurrence did not differ from the saline controls. During the course of ramoplanin treatment, multiple cultures of cages, food, water, and water bottles were negative for VRE. Of the 8 mice that had cultures of cecal contents and cecal linings taken on day 8 of ramoplanin (100 µg/ml of drinking water) treatment, 8 (100%) had negative stool and cecal content cultures for VRE but 2 (25%) had low levels of VRE (2 to 3 log 10 CFU/g) detectable in cecal tissues. Figure 2 shows the effect of ramoplanin treatment (days 0 to 7) on the indigenous stool microflora. The mean densities of total anaerobes and Bacteroides species were not significantly affected by ramoplanin treatment. The mean density of total facultative and aerobic gram-negative bacilli increased significantly on day 7 of ramoplanin treatment (P < 0.05), but was not significantly different from baseline by 3 days after discontinuation of ramoplanin (day 10). Lactobacillus species were markedly reduced by ramoplanin treatment (P < 0.001), but had returned to pretreatment levels by 3 days after discontinuation of ramoplanin (day 10). Enterococcus species were significantly reduced by ramoplanin treatment (P < 0.001), and remained significantly reduced for at least 11 days after discontinuation of ramoplanin (day 18). Ramoplanin caused relatively little disruption of the stool DGGE patterns (mean similarity indices 72% in comparison to the pretreatment patterns); the effect of subcutaneous clindamycin on the DGGE patterns is shown for comparison (mean similarity indices 17% in comparison to pretreatment patterns) (Fig. 3 shows Lanes 2 and 3, untreated control mice at baseline; lanes 4 and 5, the same control mice 7 days later; lanes 6 and 7, ramoplanin-treated mice at baseline; lanes 8 and 9, the same mice on day 7 of ramoplanin treatment; lanes 10 and 11, clindamycin-treated mice at baseline; lanes 12 and 13, the same mice on day 7 of clindamycin treatment.
Effect of ramoplanin on the indigenous microflora.
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Ramoplanin concentrations in stool. For the 100-µg/ml ramoplanin dose, the mean concentration in stool on day 7 of treatment was 68 µg/g of stool (range, 40 to 75 µg/g; n = 5 mice); no ramoplanin was detectable 3 days after discontinuation of treatment (day 10). For the 500-µg/ml ramoplanin dose, the mean concentration in stool on day 7 was 310 µg/ml (range, 300 to 320 µg/g; n = 5 mice).
Effect of prior ramoplanin treatment on the establishment of VRE colonization.
Mice inoculated with 10 7 CFU of VRE 4 h or 1, 2, or 4 days after completion of 7 days of ramoplanin treatment did not develop significant overgrowth of VRE in comparison to controls that did not receive ramoplanin (P > 0.5 for each comparison).
Use of ramoplanin to prevent cross-transmission of VRE among mice. In the absence of ramoplanin treatment, VRE was rapidly transferred from one colonized mouse to 4 clindamycin-treated mice in a communal cage (Fig. 4) . With ramoplanin treatment, VRE colonization was rapidly inhibited in the colonized mouse that was added to the communal cage and none of the other mice developed detectable levels of colonization during ramoplanin treatment; after discontinuation of ramoplanin and transfer of mice to individual cages, VRE colonization was detected within 5 days in 4 of 5 mice (80%).
FIG. 4.
Mean densities (error bars, SE) of VRE for groups of mice in communal cages. A mouse with high-density VRE stool colonization (~7 log 10 CFU/g) was placed in a cage along with four mice with no previous exposure to VRE. All mice were treated with subcutaneous clindamycin (1.4 mg) once daily from day 0 to day 5. The control cage received regular drinking water (•), and the experimental cage received ramoplanin in drinking water ( {square} ) from days 0 to 9 (solid line). On day 9 all mice were placed in individual cages and ramoplanin was discontinued.
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Effect of ramoplanin treatment on the establishment of colonization by C. glabrata or K. pneumoniae. Ramoplanin facilitated overgrowth of K. pneumoniae P62 (Fig. 5A) , but not C. glabrata A239 (Fig. 5B ) when these pathogens were inoculated by orogastric gavage on day 2 of a 6-day course of treatment. 
DISCUSSION
Our data are consistent with previous studies that have demonstrated that oral ramoplanin effectively suppresses VRE intestinal colonization during the course of treatment (18, 19) . As previously demonstrated by Whitman et al. (18) , 100% of mice treated with 100 µg/ml of ramoplanin in drinking water developed recurrent colonization after treatment was discontinued. Our data suggest that the recurrences of colonization observed by Whitman et al. (18) were not attributable to the fact that oral vancomycin or streptomycin was continued during and after the ramoplanin treatment. In our study, a higher dose of ramoplanin (500 µg/ml of drinking water) was associated with recurrent colonization in only 50% of treated mice. This observation is consistent with the clinical data that suggest that ramoplanin treatment may result in eradication of VRE in some patients (1) .
Ramoplanin selectively inhibited the gram-positive colonic microflora of mice. In contrast, administration of oral vancomycin, another agent with minimal in vitro activityOur findings support the hypothesis that some recurrences of VRE colonization after ramoplanin treatment are due to reexpansion of small numbers of organisms that persist in the lining of the colon. We detected VRE in the cecal tissues of two of eight (25%) ramoplanin-treated mice that had undetectable levels of VRE in stool and cecal contents. In addition, prior ramoplanin treatment did not facilitate the establishment of stool colonization after ingestion of VRE. Previous research suggests that organisms that are able to adhere to the mucosal surfaces of the colon (i.e., epithelium or mucous layer) and are adapted to the colonic environment may have a survival advantage over exogenously introduced organisms (9) . Minor disruption of the indigenous microflora by ramoplanin could therefore potentially facilitate reexpansion of VRE that are already present, while being insufficient to allow overgrowth of newly introduced strains. As noted previously, antianaerobic antibiotics that are used concurrently with ramoplanin may facilitate acquisition of new VRE strains after decolonization (1, 5).
Although not statistically significant, it is notable that after discontinuation of the 100-µg/ml ramoplanin dose (Fig. 1 ) the density of VRE among treated mice rose to a level that was higher than among the saline controls (mean ± standard error [SE], 8.2 ± 0.65 versus 5.1 ± 0.95 log 10 CFU/g). The failure to achieve statistical significance may be attributable in part to the fact that only six mice were included in the treatment groups. After discontinuation of the 500-µg/ml ramoplanin dose, two of six mice also developed recurrent high-density colonization (>7 log 10 CFU/g). Because such overgrowth has implications for the risk of translocation from the intestinal tract and cross-transmission, further studies are needed to evaluate whether similar rebounds of high-density colonization occur among patients.
Because ramoplanin does cause some disruption of the indigenous microflora, use of this agent for VRE could lead to overgrowth of other pathogens that are not inhibited. We found that ramoplanin treatment promoted overgrowth of a strain of ESBLproducing K. pneumoniae (Fig. 5A) , but not C. glabrata (Fig. 5B ), when these organisms were administered by orogastric inoculation during the course of treatment. Ramoplanin also promoted overgrowth of indigenous Enterobacteriaceae during treatment (Fig. 2) . Based on these findings, further studies are warranted to determine whether ramoplanin promotes overgrowth of gram-negative bacilli in patients.
Because ramoplanin effectively suppresses VRE during treatment, this agent could potentially be used to reduce cross-transmission of VRE. For example, ramoplanin treatment of all VRE-colonized patients on high-risk units (including new admissions) could markedly reduce "colonization pressure," which plays a major role in crosstransmission (3). We have previously shown that patients with high-density stool colonization ( >= 4 logs) are significantly more likely to contaminate the environment with VRE than those with lower density colonization (5), suggesting that suppression of VRE may effectively lower "colonization pressure" even if small numbers of organisms persist in the intestinal tract. Although the simplified model of cross-transmission that we used (Fig. 4) obviously does not adequately represent clinical settings, our data demonstrate the potential for use of ramoplanin as an infection control measure. Given the risk of recurrence of high-density VRE colonization, ramoplanin treatment might have to be continued for the duration of hospitalization on high-risk units. Because of the risk of recurrence of VRE colonization and possible promotion of overgrowth of gram-negative pathogens, clinical trials are indicated before the use of ramoplanin as an infection control measure can be recommended.
Our study has some limitations. Administration of ramoplanin in drinking water may not reproduce the pharmacokinetics of human dosing. The levels of ramoplanin in the stool of mice were lower than the levels that have been shown to be present in the stool of humans receiving a dose of 400 mg twice daily (~1,000 to 2,000 µg/g; unpublished data [Genome Therapeutics Corporation, Waltham, Mass.]).
